INTRODUCTION
Westinghouse Hanford Company (WHC) i s e x p l o r i n g commercial methods f o r r e t r i e v i n g waste from t h e underground storage tanks a t t h e Hanford s i t e i n south c e n t r a l Washington s t a t e . WHC needs data on commercial r e t r i e v a l systems equipment i n order t o make programmatic decisions f o r waste r e t r i e v a l . F u l l system t e s t i n g (i .e., i n t e g r a t e d components) o f r e t r i e v a l processes i s t o be demonstrated i n phases through September 1997 i n support o f two r e l a t e d programs: 1) Acquire Commercial Technology f o r R e t r i e v a l (ACTR) and 2) t h e
Hanford Tanks I n i t i a t i v e (HTI).
One o f t h e important p a r t s o f t h e i n t e g r a t e d t e s t i n g w i l l be r e s i d u a l waste volume mapping o f t h e tank waste f o l l o w i n g the r e t r i e v a l process as p a r t o f t h e closure operation. WHC r e q u i r e s an assessment o f commercial and l a b o r a t o r y equipment t h a t could be brought t o an i n t e g r a t e d c o l d t e s t o f waste volume mapping systems. d e s c r i p t i o n o f t h e need, requirements, and c o n s t r a i n t s f o r a r e s i d u a l waste volume measurement system; 2) t o describe a l o g i c a l approach t o measuring waste volume; 3) t o provide a b r i e f review and assessment o f a v a i l a b l e technologies; and 4 ) t o o u t l i n e a s e t o f i n t e g r a t e d t e s t s t h a t w i l l evaluate t h e performance o f candidate technologies.
The o b j e c t i v e s o f t h i s document are as f o l l o w s : 1) t o provide a 2.0 SYSTEM REQUIREMENTS AND ASSUMPTIONS
Some o f t h e system requirements and t h e assumptions t h a t have been used i n t h e generation o f t h i s r e p o r t are discussed below.
2.1
MAXIMUM ALLOWABLE RESIDUAL WASTE VOLUME Remediation o f t h e underground storage tanks a t Hanford w i l l r e q u i r e r e t r i e v a l o f n e a r l y a l l o f t h e waste. The T r i -p a r t y Agreement s p e c i f i e s t h a t t h e r e s h a l l be no more than 360 cu ft o f waste remaining i n a tank f o r r e t r i e v a l t o be complete. As each tank i s 7 5 -f t i n diameter, t h e area o f each tank f l o o r i s 4,418 sq ft. I f i t i s assumed t h a t a l l o f t h e r e s i d u a l waste i s spread over t h e tank f l o o r (i.e., t h e tank w a l l s are completely clean) then t h i s requirement t r a n s l a t e s t o an average depth o f r e s i d u a l waste over t h e e n t i r e t a n k f l o o r o f 0 . 9 8 i n .
It i s probable t h a t some waste w i l l remain adhered t o t h e tank walls, e s p e c i a l l y since t h e tanks have 3 i n . x 3 in. angle hoop reinforcements welded t o t h e tank w a l l every 3 ft o f v e r t i c a l height. For t h e l a r g e s t tanks, assuming a tank l i n e r h e i g h t o f 40 ft, a reasonable estimate might be t h a t o n l y two-thirds o f the r e s i d u a l waste i s l e f t on t h e WHC-SD-WN-TA-180, Rev. 0 floor .of the tank. tank floor will be 0.65 in. thickness on the tank floor will be 0.65 in. It should also be noted that it is likely that the residual waste will not be distributed evenly over the entire surface of the tank floor. Some portions of the floor may have as much as ten times the average thickness of waste, while other portions may be bare. The systems used to measure waste thickness should therefore be capable o f measuring waste thicknesses which vary from 0 -6 in. If this is the case then the thickness of waste on the For the purposes of this report, the average allowable residual waste
CLOSURE VS. RETRIEVAL OPERATION
It is assumed for the purposes of this report that the measurement of . residual waste volume will be done as part o f the tank closure operation and not as part of the retrieval operation. This is an important distinction for several reasons. First, this allows the measurement of the waste volume to be performed independently from the retrieval of waste, and it therefore does not need to be performed in "real-time" (i.e., the rate of retrieval will not be affected by the rate of waste volume measurement). Secondly, the sensor systems will not be subject to harsh environmental conditions that may be temporarily generated by the retrieval process. For example, particles and mist will most likely be generated during the retrieval process if waterjet cutters or sluicing methods are used to dislodge waste. Using sensors for "real-time" control or monitoring operations would require adequate protection of the sensor from these particles or mists. if the sensor is used to determine the waste volume after or between actual retrieval operations. Thirdly, sensor systems that are not deployed during retrieval operations will not be subject to the vibrations and dynamic effects that may be caused by the reaction forces and torques generated by waste dislodging and conveying tools. Finally, the deployment requirements for systems used for determining waste volume can be considered separate from those required for retrieval systems.
Splatter is much less a problem

ACCURACY REQUIREMENTS
Using the assumption that the average allowable residual waste thickness on the tank floor will be 0.65 in., the measurement system should be capable of one order of magnitude finer resolution, or 0.065 in. The most promising deployment system candidate for a residual waste thickness measurement system is the light-duty utility arm (LDUA) which is currently owned by WHC. The horizontal accuracy of the sensors in the measurement system should not detract from the accuracy of the overall measurement system by more than onetenth of the accuracy of the LDUA. The LDUA has a positioning accuracy of f2 in. when deployed in a tank.
STATISTICAL SAMPLING
While it is generally assumed that the floor of a tank liner may have warped over time, it is assumed for the purposes of this report that it will suffice to locate the floor o f the steel liner at all areas reachable by the LDUA using existing tank riser entries. The location of the steel liner in areas that are not reachable by the LDUA will be extrapolated using a smooth extension of the measured floor locations. The measurement of residual waste volume is a two-step process. The first step is to measure the topology of the waste surface, and the second step is to determine the location of the steel liner beneath the waste surface. In order to register the two measured surfaces (the waste surface and the liner surface) either the position of the sensors with respect to each other must be determined, or the same sensor must be used to measure each surface from the same location. measurement of the residual waste volume will not be any more accurate than the ability to determine the location of the liner with respect to the waste surface. the liner location with the waste surface will be to have the sensor(s) that measure each be co-located or at a known fixed position relative to each other. the steel liner should be measured at the same time and from the same position above the waste surface.
I N I T I A L CANDIDATE
Several candidate sensor systems have been identified for each step.
Regardless of the sensor systems used, the
The simplest and most effective method of registering the measurement of In other words, the height of the waste surface and the location of Depending on the retrieval process used, the measurement of the waste surface topology may also have been done prior to closure. A topology map of the entire surface of the waste will be valuable for determining the areas of interest for waste thickness measurements. for example, if a topological map shows that a large mound (or a significant valley) exists in the residual waste, it may be desirable to take waste thickness measurements in those locations. If on the other hand, it shows that a significant portion of the surface is very nearly level, fewer thickness measurements may be needed in these areas. process, then for these reasons it will be helpful to perform this operation as part of the residual waste volume measurement. available as a deployment system for the sensors required to measure the waste volume. It is also assumed that there will be multiple access ports available for deployment of the system into any given tank.
If mapping of the waste surface is not a part of the retrieval
It is assumed for the purposes of this report that the LDUA will be 4.0 TECHNOLOGY REVIEW A survey of technologies that may be applicable to measuring the volume of residual waste in a tank following a retrieval operation is presented in the following sections. The sections are organized into three main groups: sensor position detection, waste surface topology mapping, and waste thickness measurement. In the area of sensor position detection, three types of sensors are reviewed: a kinematic-based system, and an in-tank global positioning system. In the area o f waste surface topology mapping, four types of sensors are reviewed: line-based structured 1 ight, fringe projection-based structured light, laser range finders, and stereo vision systems. Finally, in the area of waste thickness measurement, which is really a detection of the steel liner through the waste, seven technologies are reviewed: ultrasonics, ultrasonics through a waterjet, capacitance type sensors, inductive sensors, ground penetrating radar, magnetometers, and mechanical probes.
Two earlier reports were used as significant references for the following technology reviews, particularly in the waste surface topology (Bernacki and Burks 1995) and waste thickness measurement areas (Thunborg 1994).
SENSOR POSITION DETECTION
Kinematic-based System: The simplest and most cost effective method of sensing the position of the sensor systems used will be the positioning system for the deployment system used. If it is assumed that the LDUA will be the deployment system, then the maximum accuracy that can be expected using this method will be the accuracy of the LDUA end-effector position feedback system. The LDUA uses a resolver-based position feedback system with an accuracy of f2 in. and a repeatability of f0.200 inches when fully deployed in a tank. Assuming that the same LDUA system is used to deploy the waste topology measurement system and the waste thickness measurement system, and if it is not sufficient to take measurements from the same locations for both systems, the accuracy of registration between the two systems will be one-half that of the LDUA positioning feedback system. If on the other hand, it is sufficient to take measurements from the same locations for both systems, the accuracy of registration between the two systems will be equal to the repeatability of the LDUA under this scenario.
Advantages of a kinematic-based system include reduced cost and reduced complexity. system with its position feedback system will be a part of the measurement system regardless of whether an independent position detection system is employed or not. through only one access port at a time. The main disadvantage of a kinematicbased system is the resolution. system would operate using the same principles as the world-wide global positioning system. sources would be placed at various known and fixed locations in the dome of the tank, such that a direct line of sight to a minimum of three of these sources would be available at any location throughout the tank where waste volume measurements sensors would be positioned. A receiver would then be placed at the end-effector of the deployment system (the LDUA in this case), and the position of the end-effector would be determined from triangulation to at least three satellite sources. The other scenario that could be used would swap the roles of the sources and sensors (i.e., the "satellites" would be receivers and a source would be placed on the end-effector). Several different energy sources have been used for local GPS systems including 1 ight, infrared, acoustic, and radio frequency sources. Some of the issues associated with local GPS systems include the effect of echoing in a closed space with steel walls, and the effect of shadowing due to in-tank hardware. While visual-based systems (light and infrared) should not have problems with echoing, they require a direct and unobstructed line of sight between sources and receivers. On the other hand, non-visual systems (acoustic and radio frequency) may not require the direct line of sight, but may be affected by echoing. It is not clear that local GPS is a technology that is currently available. 
WASTE SURFACE TOPOLOGY MAPPING SYSTEM (TMS)
Line-based Structured Light System: In a line-based structured light system, a light source (typically a laser) is used to draw a stripe of light on the surface to be measured. A camera placed at a known distance and angle with respect to the light source is then used to view the stripe of light. Height variations in the surface being measured cause the image of the light stripe on the camera to deflect from a straight line. Knowing the separation and angle between the light source and the camera, the height associated with each illuminated camera pixel can be determined by triangulation. The light stripe is passed across the entire surface to be measured and the camera image is sampled at discrete intervals to build a map of the entire surface.
Pr a
As part of the Department of Energy (DOE) Technology Development .ogram, a TMS has been produced by Mechanical Technology, Inc. (MTI) which is line-based structured light system. The TMS is self-contained, compact, reconfigurable, and capable of providing rapid variable-resolution mapping information of the waste surface in the Hanford underground storage tanks. This system is capable of mapping the surfaces on the floors, walls, and domes of each tank to a resolution of 1 in. with an accuracy of k0.25 in. at a range of 45 ft. access port with a minimum diameter of 4 in. As indicated in the The system is deployed independently of other equipment through an Rev. 0 specifications for the system, the minimum data acquisition rate for mapping the floor of a 75-ft diameter tank is no more than 2 hours at a data density of one sample point per 6 in. by 6 in. area. This system is based on proven technology that has been used by the DOE at West Valley to measure the surface topology of waste in storage tanks.
be compatible with the environment within the Hanford tanks, it is recommended that this system be used to determine the waste surface topology. The following is quoted from the report Based on a design first published in the literature in 1983, this technically mature approach is made more useful by the fullfeatured software that accompanied the laser range finder. the most impressive of these software functions is the ability to perform in-tank registration using known landmarks. This will clearly be the mode of operation during real remediation efforts. While there is always a tradeoff in data acquisition speed versus resolution, one can choose the resolution required for the task 'on the fly' without regard to recalibration. Also, since the method is a single point approach, discontinuities present no problem, and the signal to noise is inherently greater than methods that rely on projected stripes or grids."
One of
Stereo Vision: A discussion of the stereo vision technology for 3-dimensional mapping is reproduced here (Bernacki and Burks 1995). A variant of active triangulation, this approach mimics the human vision system by using two cameras with known separation and relative angular offset to obtain range information from a scene. Also called stereo disparity, it gets its name from the following effect: If a three-dimensional object is viewed from two locations in a plane normal to the direction of vision, the image will shift its apparent position laterally when viewed from either position. vision devices exploiting stereopsis use two (or more) identical cameras to generate two disparity images. The placement of the cameras is crucial, since range measurement can only take place in the region where the views of the two cameras overlap. A reference point that corresponds to the center of vision for each camera is determined from which the displacement uf the point of interest is measured. The difference in the displacement of the two images, the focal length of the two cameras, and the distance between the two camera locations are then used to calculate the image. sensitive in the displacement or shear direction of the two images. accurate range data is required in a direction perpendicular to camera planes, a third camera can be added.
Stereo
Range measurement is If
Everett (1989) outlines four basic steps in the ranging process:
1.
3.
A point in the image of one camera must be identified and located. The same point must be located in the image of the second camera. The positions of the image points must be measured with respect to a common reference. The distance to the point is calculated from the disparity measurement.
4.
A1 though the above procedure appears straightforward, the very aspect that is being exploited, the disparity, makes it difficult to determine the location of the point of interest in the second image. The attempt to match the same point in the two images is called correspondence, which is currently an active area of research in stereo vision. To achieve correspondence, the same image point must be present in both views, which gives rise to the "missing parts" problem or shadowing common to all of the triangulation-type ranging methods. To reduce this effect, the baseline between the two cameras can be reduced, but this also reduces sensitivity. Also, matching is further complicated by variations in intensity of color between the two views, the presence of shadows in only one scene, changes in image characteristics caused by different viewing angles, or lighting effects. PNNL, a stereo vision system primarily intended for collision avoidance was shown by representatives of NASA's Jet Propulsion Laboratory.
The conclusion of the ORNL study at PNNL (Bernacki and Burks 1995) was that a stereo vision system shows excellent aptitude for providing collision avoidance data, but that the data produced by such a system has insufficient resolution for world mapping tasks (i .e., topographical mapping of waste surfaces in large underground storage tanks).
In the demonstration at
WASTE THICKNESS MEASUREMENT
Ultrasonics through waste (Thunborg 1994 ): Ultrasonics is a viable solution for non-contact gage measurement to the first surface interface when the medium of transmission is known and characterized. To use ultrasonics as a means of sensing waste thickness through the waste would require impedance matching between the sensor and the waste material in order to transmit enough sonic energy into transmitted and reflected fields within the waste. Impedance matching between air and solids or air and liquids is so poor that the transducer must be placed in contact with the solid or liquid. transmission-enhancing medium such as an oil or grease is used to improve the coupling of the ultrasonic energy between the transducer and the solid under inspection. The inhomogeneity of the waste in terms of density, liquid and solid states, porosity, and other property variations increases the difficulty of using ultrasonics through the waste to determine thickness. This does not appear to be a viable solution for measuring waste thickness. impedance matching between air and the waste does make this an excellent method for determining the surface of the waste at the discrete positions where depth measurements could be made with other types of thickness measurement sensors.
Ultrasonics through a waterjet (Telecon 6/17/98) : Another approach for determining the location of the steel tank liner would be to use an ultrasonic sensor system coupled to a high pressure waterjet. This method would likely be ineffective in determining the location of the steel liner while the waterjet is in contact with the waste due to uncertainties in the physical properties of the waste, but as soon as contact is made with the steel liner the signature of the reflected signal would be very identifiable. The distance from the transducer to the liner could then be measured very accurately. provide the additional data necessary to determine the thickness of the waste. Previous studies have shown that non-abrasive high-pressure waterjets are very effective in cutting through the full spectrum of tank waste consistencies, but are non-damaging to the steel liner when in contact for only a short period of time (Telecon 6/20/96a).
The two main challenges to using ultrasonics through a waterjet are coupling the transducer to the jet, and noise in the reflected signal due to air bubbles in the stream. jet has been solved before by using a coupling rod to transmit signals between the transducer and the jet, thereby removing the transducer from the highpressure jet in order to reduce wear and noise. bubbles in the stream can be minimized by proper design of the nozzle.
Often a
The poor A previously acquired topological map of the waste surface would
The challenge of coupling the transducer to the The number and size of air The effects of the air bubbles also decreases as the frequency of the acoustic signal is decreased. can be maintained at a sufficiently high level by proper design of the nozzle and proper frequency selection.
generating a spatially-resolved electric field and measuring displacement current perturbations resulting from changes in the sensor/waste geometry and the waste composition. The sensitivity of the sensor is dependent on the interaction between the sensor electric field and the waste, and depends on the electrical properties of the waste. The application of capacitance-type sensors for thickness measurements is therefore dependent on the conductivity of the waste -a property that has not been quantified, and which is likely to vary throughout the non-homogeneous waste. Also the conductivity is likely to increase as the water content of the waste goes up. experimentation would be required to determine the effect of different waste types and to calibrate such a sensor system. commonly employed in metal detectors used by beachcombers and treasure hunters. The device consists of two coils, usually concentric, and electronics to provide an alternating current signal to one coil and measure the resulting voltage on the other coil. The output voltage of the secondary coil is a measure of the inductive coupling between the coils. When no metal i s present, the two coils are an air core transformer with relatively poor coupling between the coils. When a piece of metal is placed in the proximity of the coils the metal acts as a core for the transformer and the coupling between the coils increases dramatically, providing a change in the output of the second coil. Since the coupling between the two coils is through the magnetic fields, ferromagnetic materials produce much larger signals than other metals. The output voltage is a single value, and therefore, the size, shape, and distance to a buried piece of metal cannot be uniquely determined.
The inability to determine range for an inductive sensor when applied in conventional applications would appear to preclude their use in locating the steel liner of an underground storage tank through a layer of waste. However, underground storage tanks have a unique feature in that they have an essentially infinite flat plate of ferrous metal. closed form solution exists for the amount of coupling between two coils of known geometry and an infinite flat plate. Some research and development would be required to develop an inductive sensor that could determine the range to a flat steel plate through the waste. this application is that such a device would respond to all nearby metal objects. The presence of metal in the sensor deployment system (in this case the LDUA to start with) could cause significant errors in the measurements. This problem is compounded by the fact that the configuration of a manipulator (or other deployment device) changes with time, therefore it would not create a constant offset voltage that could be subtracted from the signal. possible variable would be the presence of rebar in the concrete structure beneath the steel liner -this could also have an effect on the sensor output.
It is therefore likely that the signal to noise ratio
Capacitance type sensors (Thunborg 1994 waste with a mechanical probe without damaging the liner. method, proposed by ARD Environmental (Telecon 6/21/96 and Telecon 7/11/96), the mechanical probe would consist of a drill with a tip made of a material that would be cut through the waste (even hard saltcake) and at the same time be soft enough that it would not be capable of damaging the liner. Environmental has developed such probes in the past for sludge in the bottom of petroleum tanks, and therefore this would involve a custom design effort rather than a technology development effort on their part. In the second method, the mechanical probe would use high-pressure waterjets to cut the waste as it is fed through to the steel liner. been demonstrated that non-abrasive waterjets are very effective at cutting the waste while posing no threat to the integrity of the liner (Telecon 6/20/96a).
Possibly the most effective method, would be to use a conductivity probe. This would involve making contact with a known portion of the liner and then completing a circuit by contacting the liner with the probe. Although the waste may be conductive due to the dissolved salts, the conductivity would increase dramatically the instant that contact is made with the liner. This has been verified on a small scale by measuring the conductivity through salt water in a metal container. In saturated salt water, it was determined that the electrical resistance dropped dramatically when a conductivity probe came in contact with steel after passing through the salt water; an approximate six orders of magnitude decrease was noted (Notebook 1996 ). An extra benefit of using a conductivity probe would be the ability to sense the surface of the waste with the same device that is measuring the position of the liner. While the conductivity o f the waste will be much lower than that of the steel liner, it will also be much greater than that of air. be capable of sensing both the surface of the waste and the steel liner.
The amount of time required for each measurement will be dependent on several factors including the thickness and the hardness of the waste. Considering that the maximum thickness of waste being considered for this application is 6 in., the time required for each measurement should not be significant. Actual testing is required to determine the actual time requirements. Conclusion la: An overall topological map of the waste surface will be necessary to plan the measurement of residual waste thickness in such a manner as to satisfy all concerned parties that the waste thickness measurements taken are sufficient to provide a basis for calculating the residual waste volume. If such a map is not generated as part of the waste retrieval process, then it should be generated as part of the closure process prior to residual waste volume measurement.
Conclusion lb: Several methods for building a topological map of the waste surface have been reviewed in this report including a line-based structured light system, a fringe projection-based structured 1 ight system, various kinds of laser range finders, and stereo machine vision systems. the line-based structured light system appears to be the most mature and technically feasible method at this time.
Recomnendation 1: Mapping of the residual waste surface, whether performed as part of retrieval or closure, should be done using the TMS line-based structured light system that has been developed by MTI under the Technology Development Program. effective in tanks at West Valley, the development of which the DOE has already paid for, and which will be available for at least cold testing at Hanford by the end of FY 1996.
Conclusion 2: position of the sensor systems used for waste volume measurement will be the position sensing system for the deployment system used. Technical questions remain for the other type of system reviewed (an in-tank global positioning system), and the accuracy of the deployment system should be sufficient for this application.
Recommendation 2: The position and orientation of the waste thickness measurement sensors should be determined using the position sensing system of the deployment system. Use o f such a system will not require any further development and will provide sufficient accuracy.
Conclusion 3: Of the technologies reviewed in this report for measurement of the waste thickness (ultrasonics through the waste, ultrasonics through a waterjet, capacitive-type sensors, inductive sensors, ground-penetrating radar, magnetometers, and mechanical probes), the two with the highest probability of success are the mechanical probe and the use of ultrasonics through a waterjet. knowledge of the physical and/or chemical properties of the waste than i s currently available. Of the two, the mechanical probe using a conductivity sensor to sense the surface of the waste and the steel liner is the simplest method requiring the minimum of custom design and testing. require very little if any technology development.
Recomnendation 3: A testing and demonstration phase should be entered into where the mechanical probe and the ultrasonics through a waterjet can each be evaluated. systems, ARD Environmental is recommended as a possible provider for a mechanical probe, and Waterjet Technologies, Inc., formerly Quest, is recommended as a provider of the ultrasonic waterjet probe (possibly teamed with ultrasonic measurement consultants at the PNNL).
Of these methods
This system uses a method that has been shown to be The simplest and most cost effective method of sensing the Each of the other technologies require a greater
Both methods would
Although other vendors may also be capable of providing such
